Abstract-In this work, the multi-resonance behavior of a suspended ring antenna structure with a single port has been investigated. Introduction of symmetrical slots at each arm of the ring structure enables quad-band operation. The antenna yields good impedance matching at 3.4 GHz, 4.5 GHz, 5.8 GHz and 7.5 GHz with considerably high gain response up to 6 dBi. Maintaining suitable air height from the ground plane enhances the bandwidth up to 12%. This compact antenna shows bandwidths of 130 MHz, 360 MHz, 850 MHz, and 380 MHz, respectively. Each resonance claims an efficient use in next generation wireless communication within S-band and C-band radio links extensively and also applicable in WSNs/IoTs which requires a multi-functional antenna system. Theoretical analysis of the proposed antenna is investigated with the equivalent lumped circuit. The antenna element is excited using separate feed patch alongside of the ring. The antenna exhibits TM 10 , TM 01 , TM 11 excitation modes at different resonances. The said antenna is implemented on an FR4 substrate with dielectric constant of 4.4, substrate thickness of h = 1.56 mm and loss tangent of tan δ = 0.02. The antenna is designed with physical dimensions of 18 × 18 × 7.56 mm 3 which claims its compactness.
carried out for developing highly efficient multi-functional antennas and its utilization in smart sensor network [11] . Although numerous designs are proposed for multi-band operation, the system requirement was not achieved successfully. Likewise, the designed antennas are unable to confirm the substantial characteristics. In fact, the designs have fewer bands like dual-band, poor impedance matching, in some cases, worst polarization characteristics and limited gain [12] . In reference to the recent research works on high-efficient antenna design for wireless sensor node in [13] , the antenna comprises a dual-band with miserable impedance matching. However, this work conquered the frustration realized and wrapped up better impedance bandwidth and improved polarization characteristics with high response.
With each passing day, the wireless technology adopts multi-functional compact transceiver in the communication terminals for reducing the costs and complexity [14] . On top of the technology Internet of Things (IoT) is a modern trend in wireless communication, which was matured laterally with WSNs. The multi-tasking wireless communication technology has a major role in IoT, notably WSNs proliferate a great demand in industrial application, in which small, reasonable cost, low powered WSN sensor realizes the smallest and smartest IoT configuration. Application of this WSN structure can identify and meet the market trends of future technology as reported in a white paper [15] . Also, it has been reported that the practical implementation of IoT/WSN structure requires efficient smart sensor terminals with multi-tasking communication transceivers, in which the transceivers are the practical representation of high-efficiency antenna capable of handling multi-signal transmission with an improved band of operation, enhanced gain response, reasonably small size and economically low cost, etc. In this study, a novel suspended microstrip patch antenna (MPA) is suggested which fulfills the requirement of the IoT/WSN standards as discussed above. The communication system can be remodeled to achieve multi-signal transmission and reception in sensor networking.
This paper investigates the multi-band operation from a square ring structure designed in a single FR4 substrate without ground modification and complex structure. A single port analysis of a novel square ring structure with rectangular slots at each boundary has been studied extensively. The antenna is excited using EM coupling from the same layer. This specified structure resonates at multiple bands of 3.4 GHz, 4.5 GHz, 5.8 GHz and 7.5 GHz with comparatively better reflection coefficient, impedance bandwidth, gain response, etc. The resonating bands 3.4 GHz and 5.8 GHz are found widely used in Wi-MAX communication [16] , and 4.5 GHz is used for fixed military mobile communication by US & NATO [17] . Also this band is used for optimizing the throughput speed about 10 Gbps in below 6 GHz 5G communication as suggested by Youell [18] . The 7.5 GHz band is used for the optimization of regional and ANS systems as notified by ITU-R [19] . In addition, these resonating bands are universally suitable for S-band and C-band microwave communication links in satellite/RADAR communication. Also, the resonating bands of this antenna propose its application in wireless sensor network for resolving fixed security issues.
DESIGN AND ANALYSIS OF ANTENNA STRUCTURE

Antenna Design
The suggested multi-band linearly polarized antenna system is designed on a single dielectric substrate, followed by a single port analysis. This antenna structure was implemented on an FR4 substrate of relative permittivity ε r = 4.4, substrate thickness h s = 1.56 mm, and loss tangent tan δ = 0.02. The printed antenna investigated in this study is a multi-layer structure, wherein the antenna patch is placed at the top of the dielectric layer above the ground plane with an air height of h a = 6 mm followed by the substrate thickness of h s . The proposed antenna structure is of comparatively less volume of 18 × 18 × 7.56 mm 3 , which is convenient for configuring a multi-standard, multi-functional microwave communication system. A nearly square patch of L p × W p is considered as the antenna radiator patch. Later this patch is altered to a ring structure intended for multi-signal propagation. This modified radiator patch is excited using capacitive coupling due to a feed patch of L f × W f present alongside. A separate patch is implemented rather than direct feeding to the radiator patch to avert the variation in resonating bands. A 50 Ω coax probe is inserted into the substrate from the ground plane through an SMA connecter united behind the ground plane. The cross-sectional view of the suggested antenna structure is shown in Figure 1 A square slot of L i = 8 mm was dug at the center (x = 0, y = 0) on the conventional antenna geometry, which accomplishes the ring formation. The ring structure of the antenna radiator patch is favorable for dual-band operation at 4.1 GHz and 5.8 GHz, because of the discontinuities developed by the patch and the later added slot. As observed, in a ring structure the resonant frequencies are primarily determined by considering the mean perimeter (M p) of the ring marked in a dotted line, in which the lower order resonance is determined by considering the outer patch length (l p(eff .) ) and the inner ring length (L i ) [20] [21] [22] . However, this modified antenna geometry exhibits superior impedance matching at both of the resonances with improved impedance bandwidth of 500 MHz at 4.1 GHz and around 1 GHz of wideband operation at the higher order resonance 5.8 GHz. Theoretical analysis of the presented antenna patch (Figure 1(b) ) may be carried out through lumped circuit analysis. The substantial dimensions of the conventional antenna were determined using Equations (1) and (2) .
(1)
The calculation of the patch dimension primarily depends on the design frequency of the Microstrip patch antenna (MPA). The layout of the conventional antenna geometry is shown in Figure 1 (b). The square ring structure exhibits dual-wideband operation at the specific frequency band, where the second/higher order resonance is caused by the inner ring length, and the outer ring length is responsible for lower order resonance. The designed antenna geometry shown in Figure 1 (b) can be reconfigured for wideband operation by optimizing the dimensions of square slot (L i ). The optimized dimension of the proposed antenna is mentioned in Table 1 . The constant k (= 0.25) is considered here for properly setting the design equation. The design Equations (1) and (2) are derived from [5] . The effective dielectric constant (ε eff . ) of the suggested suspended antenna is determined using the equation given below; the calculation of ε eff . parameter involves w/h ratio. There is a different equation derived for w/h < 1 and w/h > 1. But as per our proposed antenna structure, corresponding equation of ε eff . is cited here, 
Configuration and Discussion of Multi-Band Antenna
The designed dual-band ring structure was taken into consideration for realizing multi-band operation with improved impedance bandwidth and better gain response. The ring structure of the antenna geometry is miniaturized by introducing rectangular slots. The ring structure of the antenna geometry is miniaturized by introducing rectangular slots. The newly created slot increases the number of discontinuities in the antenna radiator patch. As discussed earlier, higher number of discontinuities will introduce extra edge capacitance. This capacitance influences multi-resonance behavior in the antenna characteristics. Although the slots are introduced at the four arms of the square ring as shown in Figure 2 (a), the multi-resonance operation is not achieved. The |S 11 | characteristic of this designed antenna gives dual-band operation, even if slots are introduced. Later, the dimensions of the newly introduced slots are increased, wherein the desired multi-resonance characteristics are obtained. In fact, the introduction of a slot centering to the mean perimeter line splits the ring, and the modified geometry can have analyzed as a dual-ring structure [23] . The modified final antenna geometry with slots at boundary is presented in Figure 2 (b), which concludes multi-resonance characteristics with enhanced impedance bandwidth and reflection coefficient at four different frequency bands 3.4 GHz, 4.5 GHz, 5.8 GHz and 7.5 GHz. In addition to this, the narrow band characteristics of the MPAs are conquered, and the optimized result exhibits wideband operation as demonstrated in Figure 2 (c). This figure also distinguishes the |S 11 | characteristics using different antenna configurations, without slotted boundary and with slotted boundary. Initially, a symmetrical rectangular slot of L s = 1mm and W s = 6 mm was dug, and later the slot is periodically optimized with different L s × W s valus, demonstrated in Figure 2(d) . However, the slots having dimensions of L s = 1 mm and W s = 12 mm give superior return loss characteristics. Although the observation shows that the slot with L s = 1.1 and W s = 12 mm shows enhanced |S 11 | parameter, it was not considered as it fails to give symmetrical slotted structure. The multi-resonance behavior of the suggested antenna can be realized by deriving separate equation for each resonant frequency.
Theoretical Analysis of the Suspended Microstrip Patch
The theoretical study of the conventional ring structure may be analyzed using a lumped circuit equivalent. Stage wise analysis of lumped circuit equivalent is accomplished in Figure 3 . Computation of input impedance Z in involves the corresponding inductance and capacitance values of each element. Although there is an existence of resistance in each element, this resistance value may be treated as negligible during high frequency analysis. Z in is analyzed along with the excitation direction, wherein the probe is replaced as an inductive load (L probe ). The rest of the patches are replaced as inductive and or capacitive load. The separation gap between the feed patch and radiator patch is represented by an equivalent capacitance value. The equivalent input impedance Z in can be calculated using Equation (4), by considering the impedance values of each element as depicted in Figure 3 . The impedance value of each element can be calculated using the individual reactance value of the corresponding capacitor or inductor as presented in Figures 4 and 5 , in which Z feed strip is the impedance due to feed patch, Z gap due to the separation gap, and Z patch due to the ring element. This Z patch is calculated by considering the equivalent ring impedance Z ring(outer) parallel with Z ring(inner) with an effective capacitance arises due to non-metallic slot.
The designed antenna patch on the dielectric layer is analyzed for multi-resonance operation, and the (Figure 1(b) ). electrical equivalent circuit is verified using EDA software. As discussed in the above section, single ring configuration makes a loop whose impedance characteristics can be represented as an LC lumped circuit equivalent (Figure 4 ). This lumped model is typically a parallel tuned circuit operating in the fundamental modes of the corresponding antenna patch. However, the equivalent circuit for extremely high frequency operation can be placed using an inductor and a capacitor. The present configuration can be analyzed as an edge fed microstrip antenna having an edge capacitance of c edge coupled with the equivalent patch capacitance, where c s(edge) and c p(edge) are the equivalent edge capacitances of feed strip and radiator patch, respectively. As the feed strip is much smaller than the radiator patch, fringing capacitance from the edges (c sl , c s , and c sw ) may be considered for this current scenario which can be calculated from [24] . Optimization of separation gap (g) enhances the matching profile, which exhibits a capacitance of c g . The square ring is considered as a loop element, which is replaced with a series LC circuit of equivalent inductance (L r (outer)) and capacitance (C r(outer) ) value. The complete lumped circuit equivalent of the developed suspended ring antenna may be modeled by considering the geometry as a dual-ring structure. Inception of rectangular slots on the ring formulates two symmetrical rings, which may be analyzed as a two-loop structure of the radiating element [25, 26] . Each loop can be represented as a series LC circuit of equivalent inductance and capacitance value (L r(outer) & C r(outer) , L r(inner) & C r(inner) ), shown in Figure 5 . As has been studied, a non-copper region in between the copper rings raises capacitance, which introduces a capacitance c g1 along with edge capacitance (c ro(edge) and c ri(edge) ).
The equivalent input impedance (Z in ) of the shown lumped circuit can be effectively calculated by substituting the individual impedance caused by the corresponding element at each section. The impedance (Z) for each subsection is derived below in Equations (5)- (7).
In Equation (5) 
where,
The impedance due to the ring structure and its edge capacitance are presented and calculated as Z ri for inner ring and Z ro for outer ring. Z ri1 is the equivalent impedance caused by the inner ring and a separation gap in between the two rings, which is derived in the above section. The complete electrical model [ Figure 5 ] of the proposed antenna is considered for calculating the reflection coefficient and presented in Figure 10 .
ANALYSIS OF EXPERIMENTAL AND MEASURED RESULT
The discussed antenna structure is designed and optimized using Hyperlynx Electromagnetic Simulator (EM) simulation tool. The full wave simulation of the antenna module has been carried out, and the optimized results are observed. The return loss characteristics (|S 11 | plotted in Figure 6 demonstrates that the optimized square ring slot MPA shows multi-resonance characteristics where each band has a unique application in specific wireless technology as identified. Superior impedance bandwidth at each resonating frequency is observed with −10 dB reference, as demonstrated in the same figure. The band of operation allowed in the first resonance 3.4 GHz is 3.35-3.48 GHz, which is of 130 MHz. The second resonance 4.5 GHz allows operation between 4.38-4.74 GHz, which is around 360 MHz of bandwidth. The third resonance 5.8 GHz offers wideband operation of 850 MHz between 5.53 and 6.2 GHz. As a consequence, 380 MHz bandwidth is realized from 7.36 to 7.74 GHz at the fourth resonant frequency 7.5 GHz. Additionally, the operational bandwidth at each resonance is enhanced up to 12% by optimizing the parameters of the suggested microstrip antenna. With this description, the suggested multi-band antenna exhibits better performance at all RF bands discussed. However, as demonstrated in Figure 6 the narrow band difficulties of microstrip antennas is successfully conquered. Comparatively, all the resonant frequencies have a great application in Wi-MAX/Military fixed mobile communication/WLAN/ANS system, respectively. The operational bandwidth at each resonance is determined from the return loss characteristics as discussed in the above section and identified in the same plot presented in Figure 6 . However, in this investigation improved band of operation is achieved at each resonant frequency which conquers the narrowband detriment of MPA.
The fundamental resonating modes of the developed suspended antenna may be calculated from [27] . The excitation due to TM mn modes depends on the balanced point of the probe feed. In this scenario, the conventional antenna (Figure 1(b) ) is designed to operate at TM 10 mode. However, the dual-ring representation of the suspended slotted ring antenna exhibits different modes of propagation ( Figure 6 ). In the developed structure, TM 10 mode exists in lower order resonances (3.5 GHz and 4.5 GHz), TM 01 mode in middle order resonances, and the antenna supports TM 11 mode in the higher order resonance.
The single element radiator on the dielectric substrate is excited using EM coupling technique. For this a separate patch is introduced alongside the ring with a separation gap (g). Typically, in this design the matching characteristics and antenna performance depend on optimized 'g' value. Along with this, the width of the feed patch also influences the impedance matching while it has been observed that the influence due to the change in W f is negligible. A parametric study has been presented in Table 2 by optimizing the coupling distance "g", and feed length "L f ". However, using g = 0.5 mm and l f = 0.8 mm, good return loss characteristic is achieved as demonstrated in Figure 7 .
As discussed, the antenna experiences better excitation as well as impedance matching using probe feeding technique. This statement can be well verified by analyzing the current distribution display by referring to the color palette shown in Figure 8 . It has been observed that the suggested antenna patch has sufficient amount of current flow in the ring structure during the full-wave simulation and Table 2 .
Step by step observation of the S 11 response by optimizing the coupling distance "g", and "L f ". The suggested multi-band MPA was fabricated on an FR4 substrate as considered in the full wave simulation. The MPA was fabricated by adopting photolithography process, in which the antenna patch is implanted on the FR4 substrate, and a fully conducting copper plate was considered as the ground plane. Thereafter the radiator patch and ground plane are united with an air layer in between them, which gives in the ultimate architecture of the suggested multi-band antenna. The feeding section of the fabricated antenna was employed with a feed strip, feed probe followed by an SMA connector. The SMA connector is connected at the bottom surface of the conducting copper plate or the ground plane. The feed line is extended from the ground plane to the feed patch at the top layer present alongside the radiator patch. The inherent radiation from the feed probe may be avoided by using a teflon enclosure around the feed probe. The coaxial probe is connected to the SMA connector for giving the necessary signal intended for propagation.
Coupling
A foam layer of dielectric constant (ε r = 1) may be used in between the dielectric layer and the ground plane to evade the misalignment of the layers, which may cause deviation of the results. The fabricated images are exposed in Figure 9 . The effective size of the antenna is comparable to a one rupee coin. The experimental and theoretical results and viable characteristics of the suggested antenna are discussed in the above section along with Figure 9 . The fabricated prototype is taken into consideration for realizing the return loss characteristics using a vector network analyzer. Before the measurement process, the Agilent VNA (vector network analyzer) needs to be calibrated using a different load (short, open, and broadband) with the specified frequency range. It is very essential to calibrate the VNA with the operating range of the MPA in order to avoid error during the measurement process. Figure 10 displays the measured return loss characteristics extracted from the VNA. It has been observed that the measured |S 11 | agrees well with the simulated and calculated return loss. The fabricated MPA is then taken into the anechoic chamber for observing the radiation characteristics. Here the radiation pattern is measured in different angles (both ∅ & θ), and respective plots were recorded. The gain and directivity of the suggested antenna are measured by considering a horn antenna as a reference source. The chamber is fully calibrated as per specification. Usually the measured data (measured power) are in dBm, which need to be synchronized to dB power.
The radiation pattern of the suggested multi-band antenna is shown in Figure 11 . The E-plane and H-plane patterns are observed. The radiation pattern of the suggested antenna is measured from different angles in the anechoic chamber. Both E-plane and H-plane radiation characteristics of the fabricated antenna were observed with 5 • step angle. The measured patterns are plotted at righthand side along with the IE3D simulated pattern at the left-hand side. It has been observed that the simulated patterns have good agreements with the measured pattern in the foresight direction. The corresponding E co-pol and H co-pol patterns are near 0 dB, which is one of the norms that the antenna should meet for having better polarization characteristics. The E cross-pol and H cross-pol patterns are marked in dashed lines for respective resonances. It has been observed that the simulated patterns have good agreement with the measured pattern in the broadside direction. However, better radiation characteristics are analyzed from the measured pattern exposed in Figure 11 . Although the back radiation of the measured E-co and H-co pattern is less than the radiation in broadside direction, the antenna shows good radiation characteristics as required.
The experimental results of the fabricated antenna are presented in Table 3 . The average boresight gain of the suggested antenna is well above 6 dBi. Despite that, the antenna realizes a good VSWR of well below 2 and average efficiency of 93% at each resonating frequency. It has been observed that the fabricated antenna has better matching characteristics. Without any misalignment, there is a good agreement between the simulated, calculated and measured results. However, owning to all these novel characteristics the antenna is suggested for multi-standard multi-functional modern wireless communication.
CONCLUSION
In this paper, a novel compact slotted ring structure is investigated for multi-resonance operation. The designed methodology follows the multi-layer structure, wherein electromagnetic coupling is considered for excitation purpose. The slots in the ring structure yields quad-band operation with improved polarization characteristics and enhances the gain response up to 6 dBi. The developed suspended slotted ring antenna is inspired with different resonating modes such as TM 10 , TM 01 , and TM 11 . The suggested MPA finds its notable application in modern wireless technology such as Wi-MAX/Military fixed mobile communication/WLAN/ANS system, respectively, along with the below 6 GHz 5G mobile communication systems and configuration of IoTs. The operational bandwidth at each resonant frequency is enhanced up to 12%, which is achieved by maintaining the optimized layer gap between the antenna patch and the ground plane. The suggested antenna structure was fabricated and measured for validating the antenna characteristics. Here, quad-band resonance can be achieved through single port analysis instead of multi-port analysis, which is a major advantage of this structure, thus reduces the system complexity and cost, minimizes the number of base stations, supports multi-tasking environment, and reduces the size of the communication device, etc. Owning to these novel characteristics, the MPA is suggested for multi-standard wireless communication system like IEEE 802.16, IEEE 802.11, etc. This design has a novel application in next generation multi-tasking IoTs and WSNs.
